Abstract. The recent developments in superstring theory prompted the study of non-commutative structures in superspace. Considering bosonic and fermionic strings in a constant antisymmetric background yields a non-vanishing commutator between the bosonic coordinates of the spacetime. Likewise, the presence of constant Ramond-Ramond (RR) background leads to a non-vanishing anti-commutator for the Grassmann coordinates of the superspace. The non-vanishing commutation relation between bosonic coordinates can also be derived using a particle moving in a magnetic background, we use superparticle to show how the non-commutative structures emerge in superspace. The derivation is original and it is shown that only a D0-brane in supergravity background reproduces the results obtained in string theory.
Introduction
During the last years, several new ideas emerged from the marriage of non-commutative geometry to quantum field theory and string theory. This is due to the discovery that the spacetime generated by strings propagating on a non-trivial background [1] [2] [3] [4] [5] is non-commutative. Furthermore, string theory provides a meaningful way to construct quantum field theories on non-commutative spaces.
Nevertheless the history of non-commutative geometry and non-commutative structures of spacetime is definitely longer, and it has its roots in quantum mechanics. Indeed, it was first realized by Peierls using non-relativistic quantum mechanics that the motion of a charged particle in presence of non-trivial external magnetic fields can be described by a free Hamiltonian assuming non-vanishing commutation relations for the coordinates [6] [7] [8] .
The simplest example of non-commutative spacetime [9, 10] is represented by the Heisenberg algebra of the coordinates
where θ mn is a constant antisymmetric tensor. Based on this prototype, it has been developed an enormous amount of new mathematics (which we are not going to review here, and we refer to [11] for the most recent work on a wide a e-mail: pgrassi@cern.ch class of non-commutative structures used in quantum field theory and to their collection of references). The commutation relations (1) can be recovered from the Hamiltonian of a charged particle moving in a background of magnetic field in the massless limit m → 0. In that limit the particle is confined in the lowest Landau level and this limit can consistently be taken if some constraints on the momenta are imposed. These are second-class constraints that have to be treated using the Dirac brackets and this yields the commutation relations (1). We briefly review this model in Sect. 2. Then, we move to the supersymmetric version.
As is well-known, bosonic particles and bosonic string theories are not sufficient to provide a complete description of particle physics since they do not include fermionic degrees of freedom (except maybe only for some unphysical ghost fields). Thus, we have to extend the bosonic theory to a fermionic one. There are essentially two ways to do it: adding some fermionic (anticommuting) worldline spinors ψ m (or worldsheet spinor in the case of superstrings), or adding some fermionic target-space spinors θ α [12, 13] . In the former case supersymmetry on the worldsheet has to be imposed for a consistent formulation of the model, whereas for the latter case one has to impose a new gauge symmetry, known as κ-symmetry [14] , and this leads to supersymmetry in the target space. We recall the basic ingredients of this superparticle model in Sect. 3.
The quantization of superparticle is unfortunately very problematic. The action is obtained from the bosonic one by replacing the momentum Π m with its supersymmet-ric version Π m =ẋ m + θγ mθ , and this leads to fermionic constraints since the momentum p α is algebraically related to its conjugated variable θ α . However, these constraints mix first-class constraints -which generate the κ-symmetry -with second-class constraints and there is no Lorentz-covariant way to separate the twos. Several procedures were conceived to covariantly quantize these models (see for example [15] and the references therein), but most of them were nonpractical for computations and were abandoned.
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On the other hand, the recent work by N. Berkovits [17] provides a new technique to handle the quantization of the superparticle and the superstring theory. In this new framework, the action of the superparticle is replaced by a free action and the physical states are constructed using a BRST charge acting on the Hilbert space of free fields.
To be more precise, some of fields are not really free. Indeed, to define a BRST charge Q, one has to introduce new degrees of freedom which play the role of ghosts here denoted by λ α , and the nilpotency of Q implies the quadratic constraints
where γ m αβ are the Dirac matrices in the Majorana basis and they are symmetric (in 10 dimensions). The spinors satisfying (2) are known as pure spinors and the formalism is now denoted as pure-spinor formulation. Here, we consider only the pure spinor formulation of superparticle and D0-branes and we refer to [18] [19] [20] . The possibility to remove the constraint by adding new ghost fields has also been considered [23] [24] [25] , and in the specific case of superparticle this was explored in [26] . However, for the purposes of the present work we will use the pure-spinor formulation, whose basic ingredients will be reviewed in Sect. 3.2. Thus, given a consistent way to quantize the superparticle we can study the spectrum and the interactions.
At the massless (lowest) level string theory can be described by an effective theory of supergravity and the spectrum consists of a bosonic sector with the graviton G mn , the NS-NS antisymmetric tensor B mn , the dilaton φ and a set of p-forms F p 2 , and a fermionic sector, a.k.a. NS-R or R-NS sector, which contains the gravitinos Ψ α m (see [27] for a complete reference). The interest of superparticles in this context is due to the fact that they can be viewed as truncations of string theory to the massless sector. Therefore these models are useful to deduce some general aspects of string theory such as the spectrum of the massless modes, their equations of motion, and some radiative corrections, even if they can be used only a limited amount of amplitude computations [28, 29] .
1 It is important to mention that the superparticle can be quantized using the light-cone gauge. In that case the spectrum can be easily computed and tree level computations can be performed [16] . However, there are several limitations to go beyond this point because of lacking of Lorentz covariance.
2 In the case of N = 2 d=10 supergravity there are two possibilities: type IIA with F 2 , F 4 and type IIB with F 1 , F 3 , F + 5
(where the last form is selfdual).
To be more precise, the N = 1 d = 10 superparticle describe the multiplet of N = 1 super-Yang-Mills theory. The spectrum is characterized by the gluon (8 on-shell dofs) and the gluino (8 fermionic dofs). It is formulated in the superspace, but there are no auxiliary fields since the multiplet is on-shell. An N = 2 superparticle in 10 dimensions describes the on-shell modes of N = 2 supergravity, namely 64 bosonic and 64 fermionic degrees of freedom.
Whereas string theory can be consistently formulated only in 10 dimensions, superparticle models can be formulated also in lower dimensions.
3 These models in lower dimensions are easier to be used since the BRST conditions for physical states does not put the theory on shell and there is a wider range of consistent backgrounds (vacua) .
For what concerns the interactions we have to recall that the superparticle as well as superstrings couple to their own background. This means, for instance, that N = 2 d = 4 superparticle couples to N = 2 d = 4 supergravity. In Sect. 3.3 this is described in detail. More important, we have to underline that N = 2 d = 4 supergravity is characterized by a graviton, two gravitinos and a RR field (known as graviphoton in the literature) and the coupling with N = 2 d = 4 superparticle is dictated by the BRST symmetry. In addition, since for the d = 4 model the supergravity does not need to be on-shell we can choose to set to zero all background fields except the RR field.
We will show later how the RR fields lead to deformations of anticommutative structure of superspace. But before describing this result, it is worth to say few words about superspace.
Let us remind the reader that superspace [30] is a powerful technique to handle supersymetric theories, it is characterized by the bosonic coordinates of manifold and a set of Grassmann coordinates in the spinor rapresentation of the Lorentz group. The superspace technique provides 1) a very compact way to write the equations of motion for the entire supersymmetric multiplet, 2) an extremely economic way to compute Feynamn diagrams taking into account supersymmetry and, 3) a guideline to construct effective actions of supersymmetric theories. Finally, superspace is naturally embedded in the pure spinor formulation of string theory. Now, we are finally in the position to study the supersymmetric analog of noncommutative geometry of bosonic theory (1). At this time, we study the deformation of the anticommutator between fermionic coordinates θ α [36, 37] . We have to recall that there are several studies in that direction [38] [39] [40] where the second-class constrained were used to show that there is a fundamental non-commutative superspace in the quantization of superparticle. This is reviewed in this new formulation, for two reasons: 1) the pure spinor quantization method is the only consistent way to quantize superparticle without losing the super-Poincaré
